A sensitive and simple color sensor for indole vapors has been developed based on the Ehrlich-type reaction in solid polymer film. Upon 60-min exposure of the film sensor to the air containing 5 -100 ppb of indole vapors, pink or magenta color could be recognized by the naked eyes. Alternatively, a trial gas detector tube has been prepared by mixing the reagents with sea sand. When air (100 mL) was pumped through the detector tube, indole vapors above 20 ppb could be detected within 1 min. The sensing was selective to the vapors of indoles and pyrroles, and other VOCs or ambient moisture did not interfere.
Introduction
Rapid and sensitive detection of volatile organic compounds (VOCs) in environmental or workplace air has received considerable attention, [1] [2] [3] [4] [5] and a variety of gas detector tubes are commercially available for hazardous and malodorous vapors. Chemoselective chromogenic detection of low concentration of analyte is of particular interest because of its high selectivity or analyte-specific molecular recognition as well as its simple utility (e.g., it is detectable by the naked eye). Thus, highly selective and sensitive chromogenic detection of formaldehyde 2, 3 and enzymatic detection of phenol vapors 6 have been developed, while a colorimetric sensing array for detection of a wide range of VOCs has been reported. 4 Analyte-specific molecular recognition has attracted much attention in biological and diagnostic aspects, e.g., a borate complex-based color sensor specific to catecholamines in blood and urine, 7 and a spiropyranbased color sensor specific to thiol-containing amino acids in neutral solution 8 have been developed.
The present paper is concerned with a simple, selective and sensitive sensor for indole-type vapors below 1 ppm in environmental or workplace air, directly detectable by the naked eye just on exposure of the film sensor to the air or by pumping the air through the detector tube, without instruments and with no pre-or posttreatments. In the previous work, 5 we studied color sensors for indole vapors based on the Ehrlich-type reactions in solid polymer film, where indole vapors below 1 ppm were not examined and posttreatment with H2O2 solution was employed to enhance color intensity. In the present work, on the contrary, detection of indole vapors below 1 ppm without the posttreatment was examined in detail, after extensive refinements on the methods including e.g. for rapid evaporation of indole solution, exposure time, reagents composition, check of the cleanness of apparatus etc. Indole derivatives, occurring widely in plants and animals, play important roles in biological and clinical aspects, 9-13 whereas indole vapors are typical malodorants. [14] [15] [16] [17] [18] Neither real-time monitors nor gas detector tubes for indole vapors has been available so far, 5 though highly sensitive instrumental analyses such as chromatographic [19] [20] [21] [22] [23] and electrochemical [24] [25] [26] [27] methods have long been employed. While detection of indoles in solution has been extensively used for qualitative (spot-test) [28] [29] [30] [31] as well as quantitative analyses, [32] [33] [34] no solid sensor for indole vapors based on the Ehrlich-type reactions has been reported so far.
Experimental

Reagents and materials
Commercially available reagents and solvents of purest grade were used without further purification. Thus, solvents and aromatic aldehydes (as Ehrlich-type reagents) were purchased from Wako Chemicals, while aqueous 5% Nafion ® solution and sea sand (20 -35 mesh) were from Aldrich Chemicals.
Thirty milligrams of p-dimethylaminobenzaldehyde (DAB), p-methoxybenzaldehyde (MOB), or 4-methoxy-1-naphthaldehyde (MON), were mixed either with 1 mL of aqueous 5% Nafion ® solution (Nf) or with poly(4-styrenesulfonic acid) (PSS), and the mixture was spin-coated on a 5 cm ¥ 5 cm polyester sheet. The dried film was cut into pieces of ca. 2 cm ¥ 0.8 cm size as film sensor. Hereafter, the film sensor of the Nafion ® polymer may be denoted as DAB/Nf, MOB/Nf, or MON/Nf, while the film sensor of PSS will be denoted as DAB/PSS, MOB/PSS, or MON/PSS, respectively.
Apparatus and procedures
The UV-Vis absorption spectra were recorded on a Hitachi U-3000 spectrophotometer. Film sensors were spin-coated with a K-3595D1 spin coater (Kyowa Riken). A commercial handy pump (GASTEC GV-100S) was used for the experiments of a trial gas detector tube.
A piece of sensor film was suspended near the middle of a 3.3-L glass vessel. A typical preparation of indole vapors was as follows: sixty milligrams of crystalline indole (Wako, 98%) were dissolved in 20 mL of methanol, followed by successive dilution with methanol by means of pipets and volumetric flasks to give e.g., 2.5 ¥ 10 -4 mol/L. By means of a microsyringe, 16 mL of the solution was withdrawn and injected onto a small hot plate at 120 -150˚C; this had been placed in the bottom of the reaction vessel immediately before injection, in order to enhance rapid and complete evaporation. The resultant vapor pressure of the indole vapor in the 3.3 L vessel was estimated to be around 30 ¥ 10 -9 atm (i.e., 30 ppb at ambient atmosphere). Vapors of other indole derivatives were prepared in a similar way. As the blank (0 ppb), e.g., 50 mL of the solvent (methanol) without indole was injected and vapolized in the same vessel, to which the film sensor was exposed under similar conditions. The relative humidity of the air was around 30 -60% at room temperature (22 -24˚C) .
For preparation of a trial gas detector tube, dry sea sand was stirred in a mixture of PSS in methanol, then separated by filtration and dried at 50˚C. The polymer-coated sand was stirred in a hexane solution of MON, then separated by filtration and dried. The MON/PSS-coated sand was packed in a glass tube (3-mm diameter, 80 mm length). The glass tube was connected to the gas inlet of a handy pump. Detection was carried out by pumping 100 mL of the air (mixed with indole vapors in a 3.3-L glass vessel) through the detector tube. As the blank (0 ppb), the air mixed with the solvent vapor (without indoles) was pumped under similar conditions. Figure 1(a) illustrates the coloration of the DAB/Nf film upon exposure to various concentrations of the parent indole vapor for 60 min. The pink color of the DAB/Nf film at 0.01 -0.1 ppm could be detected by the naked eye while the blank (0 ppm: solvent vapor without indole was exposed under similar conditons) remained pale yellow. Thus, enough color intensity was obtained without any posttreatment with H2O2 solution, though the exposure time was substantially longer (60 min as compared to 30 min in the previous work). 5 The absorbance at 573 nm increased with the vapor concentration, as shown in Fig. 1(b) . Vapors of different indole structures gave different colors or different absorption maxima (Table 1) . However, discrimination between indole and pyrrole vapors was difficult since pyrrole vapors exhibited strong coloration at 550 nm similar to those of the indole vapors. The sensitivity to the 3-methylindole vapor was low, presumably due to the lower reactivity of the 2-position in the indole ring towards electrophilic reactions. 35 The colors were stable at least 2 h at room temperature in the ambient air. Aliphatic amine vapors gave Schiff bases with faint yellow color while aniline, toluidines, and furans gave bright yellow color, and these colors were substantially different and easily distinguishable from those of the indole and pyrrole vapors. No significant interferences have been found with vapors of alcohols, aldehydes, ketones, carboxylic acids, esters, phenols, thiols, pyridine, and nitro compounds.
Results and Discussion
Films of p-methoxybenzaldehyde (MOB/Nf and MOB/PSS) revealed coloration at shorter wavelengths and lower color intensity than the DAB/Nf film, on exposure to indole vapors ( Table 1) . The MOB/Nf film featured rapid coloration to detect 3-methylindole vapor without posttreatment with H2O2, presumably due to the more positive nature of the carbonyl carbon as compared to that of DAB.
To enhance color intensity and stability, we employed 4-methoxy-1-naphthaldehyde (MON) in place of DAB or MOB. Figure 2 illustrates temporal coloration of MON/Nf film upon exposure to 1-ppm vapor of 1-methylindole. The absorbance at 552 nm increased with exposure time, reaching the constant value after 60 min. Its final absorbance was 2.5-times larger than those of DAB/Nf and MOB/PSS films, thus demonstrating significant enhancement of the color intensity (or sensitivity) due to the expanded p-electronic structure of MON. After 3-to 10-min exposure the violet color could be clearly detected by the naked eye (right side of Fig. 2) . The color intensity increased with increase in the vapor concentration. Figure 3 illustrates the actual colors of the MON/Nf film developed upon exposure to the vapors of different indole structures. In the lower range below 100 ppb, the indole vapors could be detected both visually and colorimetrically upon exposure for 60 min. With 1-methylindole, the violet color could be recognized by the naked eye at 5 ppb (which was reproducible by at least three independent experiments), demonstrating excellent sensitivity, e.g., two-order of magnitude better as compared to that of the previous report. 5 The lower limits of detection (LD) by the naked eye are listed in Table 1 . The color of the adduct is caused by its p-electronic structure (Scheme 1), and hence essentially capable of analyte-specific molecular recognition. Thus, the adduct of 3-methylindole has a different p-electronic structure from those of other isomers, and exhibits a substantially red-shifted absorption spectrum and a different color (pale blue). The adduct of 1-methylindole exhibits violet color, while that of 2-methylindole exhibits red or pink color, implying that the position of the substituent can cause significant effects on the p-electronic properties of the adducts. The parent indole and 1-methylindole exhibit a similar color (violet) presumably by accident. The present color sensor is simple to use since neither pretreatments (such as condensation or separation) nor posttreatments 5 are needed. However, the monitoring time is rather long for detection of low vapor concentrations.
For more rapid detection, a trial detector tube has been prepared. No commercial detector tubes for indole or pyrrole vapors have been available so far. Thus, dry sea sand was mixed with PSS and MON, then the mixture was packed in a glass tube. The detector tube was connected to the gas inlet of a handy pump (Fig. 4(c) ). Figure 4 illustrates the colors developed by pumping a 100-mL air containing the parent In summary, a novel, chemoselective chromogenic sensor for indole-type vapors has been prepared for use as a real-time monitoring of environmental or workplace air. With the film sensor, indole vapors of 5 -100 ppb were detectable on exposure for 10 -60 min, while vapors around 1 ppm were detectable in several minutes. With the gas detector tube, indole vapors of 20 -1000 ppb were detectable in 1 min though the precision was not satisfactory for quantitative measurements. Among the most promising materials would be MON/Nf for air monitoring film and MON/PSS for rapid detector tubes.
